InTROduCTIOn
People with diabetes have higher risk for lower extremity amputations (amputations), and 40%-50% of all non-traumatic amputations have reportedly been due to diabetes. 1 2 People with type 1 diabetes mellitus (type 1 DM) and amputation have reduced survival rates. 2 Amputation also leads to high medical and social costs. 3 Several studies have evaluated the risk of amputation in people with type 2 diabetes, but limited population-based studies have been performed in type 1 DM. [4] [5] [6] [7] In people with diabetes poor glycemic control has been associated with amputation 8 as well as renal complications. 9 Diabetes renal failure and foot ulcers are often coexisting complications. People with diabetes renal failure have a higher incidence of foot ulcers and increased risk of amputation, 10 a risk strongly associated with declining estimated glomerular filtration rates. 11 Renal complications, resulting from history of poor glycemic control, might be a marker for advanced complications such
significance of this study
What is already known about this subject?
► Earlier studies have shown decreasing incidence of lower extremity amputations (amputations) and that they are related to hemoglobin A1c (HbA1c) and to diabetes complications.
What are the new findings?
► This nationwide study of virtually all people with type 1 diabetes mellitus (DM) in Sweden and their matched controls found that there was a high excess risk of amputation for people with type 1 DM compared with the general population (40-fold), and only the risk for major amputations (above knee) has decreased substantially during the 1998-2013 study period. ► There was a much lower excess risk for persons with good glycemic control and no renal complications, but the risk was still over six times greater than for the general population. 
How might these results change the focus of research or clinical practice?
► Special focus has to be given to persons with very poor glycemic control and renal complications, but it is important to screen all people with type 1 DM as even those who reach the target HbA1c level and without renal complications have an excess risk of lower extremity amputation compared with the general population. ► The uniquely strong relationship found between HbA1c and amputations indicates that amputations would substantially decrease if the long-term glycemic control can be at least moderately improved in the population of people with type 1 DM and if the proportion of patients with very poor glycemic control could be reduced.
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as foot ulcers and amputations, although other crucial pathophysiologic mechanisms may play a role. 12 With improved glucose-lowering therapies for people with type 1 DM and stricter guidelines for controlling risk factors such as lipids and blood pressure in recent decades, it is important to determine the current prognosis for amputations in people with type 1 DM. However, it is unknown whether people with type 1 DM who achieve the recommended glycemic control and avoid renal complications, which are thought to be associated with lower risk of complications, 13 have prognoses similar to the general population.
In this study, we evaluated the overall excess risk for amputation by glycemic control, renal complications, and duration of diabetes in people with type 1 DM versus controls.
PaRTICIPanTs and meThOds Participants
Data were analyzed from the Swedish National Diabetes Register (NDR), which contains data on people with both types 1 and 2 diabetes since 1996. NDR is a nationwide register that receives data from both primary care and diabetes outpatient clinics. Virtually all people in Sweden age >18 with type 1 DM are included, and information on hemoglobin A1c (HbA1c), diabetes risk factors, complications, and diabetes medications is collected. Each person provides informed consent. To ensure higher validity of data on type 1 DM diagnosis, type 1 DM in NDR was defined as treatment with insulin and diagnosis at age ≤30. 14 NDR has been described in detail in previous publications. 15 16 All people with type 1 DM with ≥1 record in NDR from January 1, 1998 until December 31, 2012 were included. For each person, five controls were randomly selected from the general population matched by age, sex, and county. Both people with diabetes and the controls were followed from study start or first record until death, first amputation, or study end.
To identify coexisting conditions, each person's unique identification number was linked to the Swedish Inpatient and Cause of Death Register. 17 Education, country, and birth data were retrieved from the Longitudinal Integration Database for Health Insurance and Labour Market Studies. Country of birth categories were Sweden or other. Education was classified as low (compulsory only), intermediate, or high (university level or similar). 18 19 To identify amputations, data from the NDR were matched with data from the Swedish National Patient Register (NPR), which includes both inpatient and outpatient care data. Persons with inconsistent vital status data among patients with diabetes (n=4, and their controls n=20) and controls (n=237) were excluded from the cohort, as were both people with type 1 DM (n=291, and their controls n=1448) and controls (n=38) with documented amputations before study start. In total, 36 577 persons were analyzed within the type 1 DM group and 182 617 within the control group (see figure 1 in online supplementary material).
Outcomes

Primary outcomes
The primary outcomes were HRs of lower extremity amputation for persons with type 1 DM compared with the general population in relation to HbA1c and renal complications.
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Secondary outcomes
The secondary outcomes were the risk of amputations during different time periods and risk of amputations in relation to 10 mmol/mol (1%) increase in HbA1c.
Procedures
To identify amputations in the NPR, we used operation codes NGQ09, NFQ19, and NFQ99, and the International Classification of Diseases 10th Revision (ICD10) codes Z89.6 and Z89.7 for amputations above the knee (major amputations); operation codes NGQ19, NGQ99, NHQ09, and NHQ11, and ICD10 code Z89.5 for amputations below the knee but above the ankle (major amputations); and operation codes NHQ12, NHQ13, NHQ14, NHQ16, NHQ17, and NHQ99, and ICD10 code Z89.4 for amputations below the ankle (minor amputations). ICD codes for comorbidities are listed in the online supplementary material.
HbA1c, blood pressure, lipid levels, body mass index (BMI), diabetes duration, smoking, microalbuminuria, and creatinine levels were retrieved from NDR. HbA1c was measured in accordance with the International Federation of Clinical Chemistry standard and reported in percentages according to the National Glycohemoglobin Standardization Program. 20 Updated mean was used. 21 HbA1c was categorized in five predefined groups of 10 mmol/ mol (approximately 1 percentage unit): ≤52 mmol/mol (≤6.9%), 53-62 mmol/mol (7.0%-7.8%), 63-72 mmol/ mol (7.9%-8.7%), 73-82 mmol/mol (8.8%-9.6%), and ≥83 mmol/mol (≥9.7%).
Microalbuminuria was defined as two positive tests from three samples taken within 1 year, with albumin:creatinine ratio of 3-30 mg/mmol (approximately 30-300 mg/g) or urinary albumin clearance of 20-200 µg/min (20-300 mg/L), and macroalbuminuria as an albumin:creatinine ratio >30 mg/mmol (>300 mg/g) or urinary albumin clearance >200 µg/min (>300 mg/L). Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease equation. 22 Chronic kidney disease (CKD) stage 1 was defined as eGFR ≥90 mL/min, CKD stage 2 as eGFR=60-89 mL/min, CKD stage 3 as eGFR=30-59 mL/min, CKD stage 4 as eGFR=15-29 mL/ min, and CKD stage 5 as the need for renal dialysis, renal transplantation, or as an eGFR <15 mL/min. 22 statistical analysis Continuous variables are presented as mean±SD or median (minimum, maximum). Categorical variables are described as numbers with percentages. For test between two groups, Fisher's exact test was used for dichotomous variables, Mantel-Haenszel χ 2 test for ordered categorical variables and Mann-Whitney U test for continuous variables. Event rates of amputations per 1000 patient-years with 95% Poisson CIs were calculated overall, by sex, by age category (18-49, 50-64 and 65+ years) and by calendar period (1998-2001, 2002-2004, 2005-2007, 2008-2010, and 2011-2013) . Both unstandardized and event rates standardized by age and sex of the first period (for the diabetes cohort) are presented. Survival analyses estimating the risk of amputation were also performed for these five time periods within the diabetes group and versus controls using Cox regression (online supplementary 4), adjusted for time-updated age and gender (model 1), additionally including time-updated diabetes duration (model 2) and additionally adjusted for education category, birth in Sweden, and comorbidities (acute myocardial infarction, atrial fibrillation, coronary heart disease, heart failure, valve disease, stroke, cancer, and previous foot ulcer; model 3). Diabetes duration was added as a continuous covariate in the model. For all controls, the diabetes duration was set to 0. For patients with type 1 DM, the estimates for the group, HbA1c, albuminuria, and eGFR categories were retrieved from the models for diabetes duration at 30, 40, 43 (median time to amputation, called overall analysis), 50, and 60 years.
Cox regression (model 3) was used to estimate the risk of amputation in people with type 1 DM versus controls in relation to time-updated mean HbA1c categories, time-updated albuminuria categories, time-updated eGFR categories, and time-updated mean HbA1c categories, together with measures of renal impairment (albuminuria and normoalbuminuria; eGFR <60 and ≥60 mL/min). The above analyses were presented for diabetes duration 30, 40, 50, and 60 years.
The effect per 10 mmol/mol (1%) higher updated mean HbA1c on events was evaluated among people with diabetes, adjusted for all variables included in model 3 as specified above, and time-updated mean systolic blood pressure, time-updated mean BMI, time-updated smoking status, time-updated use of blood pressure-lowering medications, time-updated mean high-density lipoprotein (HDL) cholesterol, time-updated mean low-density lipoprotein (LDL) cholesterol, time-updated use of lipid-lowering medications, and time-updated insulin method (injection or use of insulin pump) in one model and adding time-updated albuminuria categories in a second model.
A post-hoc analysis was performed using Cox regression (models 1-3) to evaluate the risk of amputation over time divided into three time periods for more amputation events per time period.
The proportional hazards assumption was fulfilled and was investigated by reviewing the log(-log(survival)) vs log(time) curves for categories of main effect variables.
All tests were two-tailed and conducted at the 0.05 significance level. All analyses were performed using SAS V.9.4.
ResulTs
Baseline characteristics
We evaluated 36 577 people with type 1 DM and 182 617 matched controls. The mean age and proportion of women was the same in both groups, 35 years and 45%, respectively (table 1 and online supplementary  table 1 ). Ninety-three percent of people in the diabetes group were born in Sweden compared with 86.7% of controls. For people with type 1 DM, the mean HbA1c Epidemiology/Health Services Research was 66.1 mmol/mol (8.2%), the mean diabetes duration was 20 years, the mean BMI was 25.9 kg/m 2 , 12.3% were smokers, and 3.7% (n=1349) had previous foot ulcers (table 1 and online supplementary table 1 ). The mean age at the time of amputation was 59 years, the median diabetes duration was 43 years, and the mean diabetes duration was 44 years. The median follow-up time was 9.8 years for type 1 DM and 10.4 years for controls.
Incidence rate of amputation
The total amputation/1000 patient-years for all types of amputations was 3.18 (95% CI 2.99 to 3.38) for people with type 1 DM and 0.07 (95% CI 0.05 to 0.08) for controls (table 2) . Incidence per 1000 patient-years increased with age. People aged 18-49 years had an incidence rate of 1.54 (95% CI 1.40 to 1.70) compared with 18.65 (95% CI 16.02 to 21.60) in people ≥65 years. In contrast, the rate ratio (incidence of amputation compared between people with type 1 DM and controls) for amputations was higher for younger than older people, and ranged from 77.5 for ages 18-49 to 25.2 for people ≥65 years. Both major and minor amputations were substantially more common in people with type 1 DM. The incidence increased with age, while the rate ratio showed the opposite patterns, with higher estimates in younger individuals. Men had a higher overall incidence rate of all amputations regardless of age for both people with type 1 DM and controls. This was even evident for major and minor amputations (table 2) .
In Cox regression analysis, the overall HR of amputations in people with type 1 DM compared with controls was 53. 6 Figure 1 shows the crude incidence rates and incidence rates adjusted for age and sex for all amputations in people with type 1 DM and controls, as well as for major and minor amputations for the five time periods. Age-adjusted and sex-adjusted incidence rates of all amputations were numerically lower for people with type 1 DM during the last compared with the first time period, but there were no significant differences, 3.09 (95% CI 2.56 to 3.62) vs 2.64 (95% CI 2.31 to 2.98). The lower rate of amputations during the last time period was mainly due to fewer major amputations in men over time (figure 1  and online supplementary table 3) .
In Cox regression adjusting for risk factors in addition to age and sex, there were no significant differences in amputations over time among people with type 1 DM or when compared with controls over time, although the fully adjusted model (model 3) showed such a tendency within the diabetes group for the last versus the first time period (HR 0.75, 95% CI 0.56 to 1.01, p=0.060; online supplementary table 4). There was no significant change in minor amputations, but major amputations had decreased significantly for the last versus the first time period (HR 0.57, 95% CI 0.39 to 0.84, p=0.0045; online supplementary table 4). In a post-hoc analysis of amputations over time for the time periods 1998-2003, 2004-2008, and 2009-2013 , there was a significant reduction in amputations within the diabetes group in the fully adjusted model (model 3), with an HR of 0.75 (95% CI 0.61 to 0.94), p=0.011, whereas the other two models showed no significant reduction (online supplementary The HR for minor amputations increased from 11.3 (95% CI 5.2 to 24.6) with good glycemic control and normoalbuminuria to 87.9 (95% CI 48.9 to 157.9) when albuminuria was present at 30 years diabetes duration. At 60 years diabetes duration the corresponding figures were 15.4 (95% CI 6.8 to 34.6) and 119.9 (95% CI 65.4 to 219.7). For major amputations the corresponding figures were 5.6 (95% CI 3.1 to 10.2) and 17.1 (95% CI 9.7 to 30.1) for 30 years diabetes duration and 12.4 (95% CI 6.7 to 22.8) and 37.5 (95% CI 21.4 to 65.8) for 60 years diabetes duration (table 4A,B).
Risk of amputation among people with type 1 dm in relation to 10 mmol/mol (1%) increase in hba1c
Cox regression was used to analyze the effect of 10 mmol/ mol (1%) change in HbA1c on the risk of amputation within the diabetes cohort. When adjusted for sex, age, diabetes duration, birthplace, educational level, baseline comorbidities, time-updated systolic blood pressure, BMI, smoking, blood pressure-lowering and lipid-lowering medications, HDL cholesterol, LDL cholesterol, and method of insulin use, the HR was 1.80 (95% CI 1.72 to 1.88) for every 10 mmol/mol (1%) increase for all amputations. After adjusting further for time-updated urine albuminuria, the HR was 1.72 (95% CI 1.64 to 1.81) for every 10 mmol/mol (1%) increase in HbA1c. For major amputations the HR was 1.68 (95% CI 1.57 to 1.79) without adjusting for urine albuminuria and 1.61 (95% CI 1.50 to 1.72) when adjusted for albuminuria. For minor amputations the corresponding results were 1.80 (95% CI 1.70 to 1.90) and 1.73 (95% CI 1.63 to 1.84), respectively. dIsCussIOn This nationwide study including 36 577 people with type 1 DM and 182 617 matched controls from the general population in Sweden shows a 40-fold excess risk of lower extremity amputations in people with type 1 DM. The excess risk of amputations approached that of the general population with better glycemic control and fewer renal complications, but an excess risk remained for people with type 1 DM at normoalbuminuria and who reached the target levels of HbA1c. Excess risk was greater for minor than major amputations and only decreased over time for major amputations. The incidence of amputations was also higher for men than women and in older compared with younger individuals.
To our knowledge this is the first study of principally all people with type 1 DM in a single country and comparing the risk of amputations with the general population in relation to risk factors. Earlier studies have also identified an excess risk of amputations in people with versus without type 1 DM, 4 7 and others performing analyses within the diabetes group found that impaired glycemic control and renal complications were associated with increased risk of amputations. 8 9 The current incidence of amputations (3.18/1000 patient-years) is within the same range of that from similar cohorts evaluating coronary events (5.7/1000 patient-years) and heart failure (4.0/1000 patient-years). 16 23 Hence, it is notable that although the relative risk of amputations in people with type 1 DM compared with the general population is around 40 times compared with 4 times for coronary events and heart failure, the risk of experiencing an amputation for people with type 1 DM is somewhat lower. These results also show that amputation is a diabetes-specific complication to a greater extent than cardiovascular disease, which is more common in the general population.
People with normoalbuminuria and mean HbA1c levels below targets had an excess risk for all amputations that was approximately 8 times at 40 years diabetes duration and increased with longer diabetes duration, this was 7 times greater for major amputations and 13 times greater for minor amputations. These findings should be interpreted with caution with regard to whether targeting HbA1c and avoiding renal complications is sufficient to reducing the risk of amputations to that of the general population. The current data include information on HbA1c levels for approximately 10 years, and it is possible that people with diabetes had worse glycemic control before participating in NDR. Although we used normoalbuminuria as a marker for earlier glycemic control, this is only a rough measure of historic glucose levels. However, in clinical practice it is important for caregivers to be aware that people with on-target HbA1c and no renal complications still have an excess risk of amputation, although it is considerably lower than for other people with diabetes.
Although there were some indications of lower risk of amputations in people with type 1 DM over time as shown Epidemiology/Health Services Research by numerically lower rates and a significant reduction in a post-hoc analysis, this was due to a significant change in major amputations and not in minor amputations. Therefore, improved prevention of amputations in people with type 1 DM is urgently needed. Glycemic control seems to be of special concern for preventing amputations. Besides the high excess risk of amputations in people with type 1 DM compared with the general population, indicating a diabetes-specific condition, the 80% increase in risk of all and minor amputations by 10 mmol/mol (1%) higher HbA1c estimated within the diabetes group was considerably higher than for coronary events (30% for men and 41% for women) and heart failure (30%) reported in similar cohorts. 15 23 An earlier meta-analysis showed a 15% increase in risk of myocardial infarction for a similar increase in HbA1c, 24 and few analyses of microvascular complications have shown such a high gradient of risk as found here for amputation. 21 Since hyperglycemia is a prerequisite for renal complications, the dramatic increase in risk of amputation with severity of renal complications indicates the same phenomenon. Therefore, from a longer term perspective, improving glycemic control in people with type 1 DM may lead to a substantial decrease in amputations. Not only hyperglycemia, but other risk factors for diabetes complications such as hypertension and smoking cessation are also important strategies to control for in people with type 1 DM to decrease the incidence of amputations both from a medical and health economics perspective. 13 Although the relative risk in type 1 DM is higher for younger people due to few events in the general population, the risk of amputations increases substantially with age, and the mean age and diabetes duration were 59 and 44 years, respectively, at the time of first amputation in the current study. Why renal complications are such a strong risk factor for amputations may be partly due to being a marker of high historic glycemic control and an overall high risk of complications. However, it is also possible that other mechanisms associated with renal complications such as hypertension, reduced albumin levels, inflammatory processes, and factors of the dialysis process may play an essential role for lower extremity amputations. 8 9 25-27 To prevent amputations, screening for neuropathy and ulcers and performing preventive foot care are of importance, which often require specialist foot teams for people with diabetes and severe ulcers. 13 A strength of this study is the large cohort, both for people with type 1 DM and the availability of five matched controls. Further adjustment for several variables could be performed, including comorbidities when comparing the risk of amputations in people with type 1 DM with that of the general population. Moreover, well-known risk factors for diabetes complications existed for virtually all people with type 1 DM and during a long time period, which are essential when estimating the excess risk of amputations compared with controls and the risk gradient between HbA1c and amputations within the diabetes group. Limitations include that some potential risk factors for amputations such as BMI, blood pressure levels, lipid-lowering medication, and smoking were not available among controls. Moreover, since this is an observational study, residual confounding cannot be excluded.
In conclusion, the absolute risk of experiencing an amputation for people with type 1 DM is relatively low, especially at younger ages, whereas the relative risk compared with that of the general population remains high. To reduce the excess risk of amputations, improving glycemic control in people with type 1 DM is crucial. Longer diabetes duration, renal complications, and poor glycemic control are strong risk factors for amputations. Although people with diabetes, good glycemic control and no renal complications have considerably lower risks for amputations, excess risk of amputations remains, and thus this group also requires continued prevention.
